ABSTRACT: Treatment of (diacetoxyiodo)arenes (1a−1u) with cyclotron-produced [ 18
U seful methods for the rapid preparation of [
18 F]-fluoroarenes at high specific activity from cyclotronproduced no-carrier-added (NCA) [ 18 F]fluoride ion (t 1/2 = 109.7 min) are in high demand because of increasing interest in the use of 18 F-labeled tracers in imaging studies with positron emission tomography (PET). 1 In the context of the need for rapidly preparing PET radiotracers for injection into animal or human subjects with minimal separation challenge, metal-free methods are particularly desirable. In this regard, the use of hypervalent diaryliodonium salts 2−4 or iodonium ylides 5, 6 as precursors for preparing [ 18 F]fluoroarenes has already come to the fore in expanding substrate scope beyond those of traditional methods, such as classical aromatic nucleophilic substitution or the earlier Balz Schiemann and Wallach reactions. 7, 8 Here, we report on the reactivity of a further class of hypervalent precursor that also shows value for preparing [ 18 F]fluoroarenes, namely, the previously unexplored (diacetoxyiodo)arenes.
(Diacetoxyiodo)arenes are often intermediates in the synthesis of diaryliodonium salts 9 and iodonium ylides 6, 10 and are useful reagents for oxidation reactions. 11 They may be prepared from iodoarenes, 12−17 do not form extended oligomeric structures, and are readily soluble in many solvents, including DMF. For these encouraging reasons, we were interested to explore whether (diacetoxyiodo)arenes were themselves amenable to radiofluorination to produce NCA [ 18 F]-fluoroarenes.
Upon treatment of a λ 3 -iodane (ArIL 2 ), such as a (diacetoxyiodo)arene, with an external nucleophile (Nu:), ligand exchange may take place to form an ArI(Nu)L adduct. 17 Thus, it has been postulated that an ArI(F)OAc adduct forms when a (diacetoxyiodo)arene is treated with HF as a source of F − ion. 18 In the presence of excess HF, (diacetoxyiodo)arenes are also known to give the (difluoroiodo)arenes, 18 presumably via the postulated adducts. Moreover, treatment of (diacetoxyiodo)benzene with Bu 4 NF has also been found to constitute a convenient synthesis for the well-known compound, (difluoroiodo)benzene. 19 These prior observations reinforced our interest in testing whether treatment of (diacetoxyiodo)arenes with NCA [ 18 To explore the radiofluorination of (diacetoxyiodo)arenes, several substituted (diacetoxyiodo)arenes (1a−1r) were readily prepared in one step and in moderate to high yields from the corresponding iodoarenes, generally by treatment with peracetic acid (see the Experimental Section). 4, 11, 13, 15, 20 Exceptionally, oxidation of 1-iodo-4-(trifluoromethyl)benzene by peracetic acid gave not the (diacetoxyiodo)arene but the bridged compound μ-oxa-bis[(acetoxyiodo)-4-trifluoromethylbenzene] (1s; structure shown in the Supporting Information), as characterized by NMR and MS data (see the Experimental Section). Such bridged compounds may arise from hydrolysis of the corresponding (diacetoxyiodo)arenes when they bear a strong electron-withdrawing group. Iodoarenes containing a strongly electron-withdrawing nitro substituent in position 4 or a cyano substituent in either positions 3 or 4 were best converted into the corresponding (diacetoxyiodo)arenes by initial oxone oxidation in trifluoroacetic acid, followed by ligand exchange in acetic acid (Figure 1 ). 21 Radiochemical experiments were performed within a microfluidic apparatus (NanoTek; Advion, Ithaca, NY), which allowed us to control reagent stoichiometry, temperature, and residence time in each single experimental run of a consecutive series on any particular (diacetoxyiodo)arene. 20 (Figure 2 ), whereas 4-(diacetoxyiodo)anisole (1a) gave no desired product. 4-(Diacetoxyiodo)toluene (1f) also gave a modest yield of [
18 F]4-fluorotoluene (2f; 20%). As already seen for 1b, radiochemical yield improved appreciably with a weak electron-withdrawing group (CO 2 Et, 1e; 43%) in the para position ( Figure 2 ). However, 4-(diacetoxyiodo)nitrobenzene (1c) gave no desired product ( Figure 2) . Interestingly, upon subjecting the bridged compound 1s to the same reaction conditions, [ 18 F]1-fluoro-4-(trifluoromethyl)-benzene (2s) was obtained in remarkably high radiochemical yield (51%). This indicates that modification of the substituents bonded through oxygen to the hypervalent iodine could be fruitful for future improvement of reaction yields. Preliminary experiments have shown that replacements of the diacetoxy groups with pivaloyl or trifluoroacetyl groups are tolerated (data not shown).
An unusual reactivity pattern was observed for orthosubstituted (diacetoxyiodo)arenes ( Figure 2 ). Those with electron-withdrawing groups, such as 2-(diacetoxyiodo)-bromobenzene (1g) and 2-(diacetoxyiodo)trifluoromethylbenzene (1h), gave the desired [ 18 F]fluoroarenes, 2g and 2h, in low radiochemical yields. By contrast, 2-(diacetoxyiodo)-toluene (1i) gave a moderately high yield of [ 18 F]2-fluorotoluene (2i; 49%). This suggested that an "ortho effect" may be operating in a manner similar to that which is wellknown for the radiofluorination of diaryliodonium salts. 20 However, addition of a methyl group to the other ortho position, or to both the other ortho and para positions, decreased yields (2j and 2t, respectively). Nonetheless, the tolerance of these reactions for weakly electron-donating methyl groups is quite striking.
With regard to meta-substituted (diacetoxyiodo)arenes, some compounds with electron-withdrawing substituents, such as CF 3 (1m), PhCO (1p), and CO 2 Et (1q), gave appreciable yields of the respective substituted [ 18 F]-fluoroarenes (2m, 2p, and 2q), whereas the compound with a CN substituent (1d) gave a low yield and the compounds with a nitro (1n) or acetyl (1o) substituent gave no desired product ( Figure 3) . Generally, the introduction of [ 
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Note compound with a 3-methyl group (1l) gave 3-[ 18 F]-fluorotoluene (2l) with the highest radiochemical yield (63%) of all tested compounds, and the 3,5-dimethyl compound (1k) gave a moderately useful yield of compound (2k) (39%) ( Figure 3 ). The 3-methoxy compound (1r) gave very low yield (3%).
In order to gain some mechanistic insight on the reactions observed between [ 18 F]fluoride ion and (diacetoxyiodo)arenes, we performed experiments to examine whether 3-(diacetoxyiodo)toluene (1l) undergoes ligand exchange with Bu 4 NF·hydrate. The latter (0.83 equiv) was added to 1l (1 equiv) in chloroform. Upon exposing this solution to slow ingress of diethyl ether, crystals formed overnight.
1 H NMR spectroscopy revealed that these crystals were Bu 4 NOAc unaccompanied by fluoride ion, as determined by the absence of an 19 F NMR signal. Furthermore, the 19 F NMR spectrum of the remaining filtrate presented a single signal (−131 ppm relative to the signal from CFCl 3 ) that was significantly different from that of Bu 4 NF·hydrate (−122 ppm). This experiment affirmed the ability of fluoride ion to undergo ligand exchange at the iodine center of a (diacetoxyiodo)arene.
Encouraged by these observations, we also performed quantum chemical calculations to assess the energetics for ligand exchange of fluoride ion with (diacetoxyiodo)benzene (1u) and for subsequent conversion of the postulated intermediate adduct into fluorobenzene. These calculations predict that the formation of (acetoxyfluoroiodo)benzene is thermodynamically favored with a low energy barrier of 16.4 kcal mol −1 (Figure 4) . Moreover, the conversion of 1u into fluorobenzene was calculated to have a free energy of activation (ΔG ⧧ ) of 33.8 kcal mol −1 with respect to the intermediate state (II), with energetically favored formation of fluorobenzene (relative free energy −26.6 kcal mol −1 ). In terms of bond distances, the covalent Ar−I distance shortens slightly from 2.16 Å in the first stage (I) to 2.13 Å in II, while the ionic I−F bond (2.43 Å) in I becomes covalent (2.14 Å) in II. At transition state II (TS-II), this covalent Ar−I bond is lengthened to 2.60 Å, and the fluorine forms a partial bond (2.03 Å) with the ipso aryl carbon atom.
We further noted that radiochemical yields of parasubstituted [ 18 F]fluoroarenes were not linear with substituent Hammett σ p constants 23 but showed a bell-shaped relationship ( Figure 5 ). This may indicate that the rate-determining step of the reaction (and/or the mechanism itself) changes with increasing σ p value. For meta-substituted [ 18 F]fluoroarenes, no such clear relationship was seen between radiochemical yields and Hammett σ m values. However, a weak inverse relationship between radiochemical yield and the F (field) factors 23 was observed ( Figure 6 ). This indicates that inductive effects are somewhat important for the radiofluorination of (diacetoxyiodo)arenes with meta substituents. Overall, the mechanisms of The Journal of Organic Chemistry Note these reactions appear complex and heterogeneous and require deeper investigation for full understanding. Finally, we explored whether radiofluorinations of (diacetoxyiodo)arenes could also be achieved on a conventional automated batch-reactor platform, such as the TRACERlab FX FN module, which is more widely used for PET radiotracer productions than microfluidic platforms. The treatment of 1d (5 mM) with [
18 F]fluoride ion-TBA + in DMF for 5 min at 170°C gave 2d in 20% radiochemical yield on this module. When the bridged compound 1s was subjected to these conditions, 2s was obtained in 63% radiochemical yield. [ 18 F]N-Succinimidyl 4-fluorobenzoate is a useful labeling synthon for biomolecules, which is usually prepared from [
18 F]ethyl 4-fluorobenzoate (2e) as intermediate. 24, 25 We found that the treatment of 1e readily gave 2e in a useful 32% radiochemical yield. Recoveries of radioactivity from the TRACERlab FX FN module in these reactions ranged from 60% to 79%, which are typical for other radiofluorination procedures. Thus, reactions in the more conventional FX FN module also rapidly gave useful practical yields, even at lower temperature than in the microfluidic apparatus.
In conclusion, the treatment of (diacetoxyiodo)arenes with NCA 19 F NMR signals are reported as δ (ppm) downfield from the signal for trichlorofluoromethane. ESI-MS spectra could not be obtained for (diacetoxyiodo)arenes in keeping with the absence of such spectra for all such compounds in this study that had been reported previously. However, ESI-MS data for the bridged compound 1s were successfully obtained. An aqueous Bu 4 NHCO 3 solution of approximately 1 M concentration was prepared for radiochemical experiments by passing carbon dioxide gas through an aqueous solution of Bu 4 NOH (0.5 mL, 1 M). The pH of the reaction mixture was monitored. As the pH dropped to about 8 and remained stable, the flow of carbon dioxide through the solution mixture was ended and the volume was brought back to 0.5 mL. Bu 4 Quantum Chemical Calculations. The X-ray structure of 1u 26 was used to build 1u complexed with potassium fluoride. The geometry and energetics of this complex were then obtained by resorting to quantum chemical calculations at the level of B3LYP/ DGDZVP. The reaction path in the gaseous phase was constructed by moving a fluoride ion to the ipso aryl carbon atom in increments of 0.1 Å while relaxing the rest of the geometry. At each stationary point, the geometry was then further refined in the reaction field of MeCN with the polarizable continuum model together with the UAKS parameters set as implemented in the Gaussian 09 software. 27 A single imaginary frequency was obtained for each TS in Figure 4 .
Syntheses of (Diacetoxyiodo)arenes. All (diacetoxyiodo)arenes were obtained in ≥95% purity, before or after recrystallization from hot ethyl acetate and hexane, as required.
4-(Diacetoxyiodo)anisole (1a). Sodium perborate monohydrate (30 mmol) was added portionwise to a solution of 4-iodoanisole (3 mmol) in AcOH:Ac 2 O (1:1 v/v, 60 mL) over 5 min at rt. The mixture was then heated to 40°C and left stirring overnight. Reaction progress was monitored with tlc, and when complete, the reaction mixture was filtered. The filtrate was extracted with DCM (50 mL) and washed with water (50 mL × 3). The organic solvent was then evaporated off under vacuum. The residual oil was triturated with ether (10 mL). The generated solid was rinsed with diethyl ether (10 mL × 3) and dried under vacuum to provide 1a as a fluffy white solid (0.475 g, 45%).
1 H NMR (CDCl 3 ): δ 8.01 (d, 2H, J = 9.0 Hz), 6.97 (d, 2H, J = 9.0 Hz), 3.86 (s, 3H), 2.00 (s, 6H). These data match literature data. 16 General Method A. Oxone monopersulfate (0.92 g, 3 mmol) was added to a solution of the iodoarene in TFA:DCM (70:30 v/v; 20 mL), and the resultant mixture was stirred at rt. The reaction was monitored with tlc and was over in less than 1 h. Solvents were then removed under vacuum. The residual oil was extracted with DCM and washed with water (50 mL × 3). The organic solvent was then evaporated off under vacuum. The residual oil was resuspended in AcOH (10 mL) for 1 h. Water (100 mL) was then added, giving a precipitate that was washed successively with water (15 mL × 3), diethyl ether (10 mL × 3), and hexanes (10 mL × 3), and then dried under vacuum for 2 h.
Thus, were prepared: 4-(Diacetoxyiodo)benzonitrile (1b). 4-Iodobenzonitrile (0.69 g, 3 mmol) gave 1b as white crystals (0.781 g, 75%). 1 94 (s,  6H) . 13 General Method B. Peracetic acid (32 wt %; 10 mL) was added dropwise to a solution of the appropriate iodoarene (3 mmol) in AcOH:Ac 2 O (1:1 v/v; 5 mL) at −10°C. This mixture was slowly warmed to rt and left stirring. Reaction progress was monitored with tlc, and when complete, water (100 mL) was added to the mixture. If a precipitate was generated, this was then washed successively with water (15 mL × 3), ether (10 mL × 3), and hexanes (10 mL × 3), and then dried under vacuum for 2 h to give the product (diacetoxyiodo)-arene. In cases of no precipitation, the aqueous mixture was extracted with DCM (50 mL × 3), and the combined organic extracts were evaporated under vacuum. The resultant oil was then triturated with ether (10 mL). Any solid was then rinsed with ether (10 mL × 3) and dried under vacuum to give the product (diacetoxyiodo)arene. In cases where trituration gave no solid, hexane (10 mL) was added and the mixture was cooled in a fridge until the product (diacetoxyiodo)arene precipitated out. This precipitate was then washed with hexanes (10 mL × 3) and dried in vacuo for 2 h.
Thus, were prepared: Ethyl 4-(Diacetoxyiodo)benzoate (1e). White solid (0.576 g, 56%). m.p.: 110−113°C. 13 C NMR spectrum in CDCl 3 was not obtained due to decomposition over the course of the scan time.
Radiochemistry. Radiochemistry was performed in a lead-shielded hot-cell to minimize the radiation exposure to personnel. All radioactivity measurements were performed using a calibrated ionization chamber and were corrected for background.
Production 18 O]water (200−500 μL), and four cycles of azeotropic addition and evaporation of acetonitrile (0.65 mL for each addition) were performed, three times at 110°C for 4 min and once more at 90°C for 4 min in an oven cavity housed within a modified Synthia 29 module. Configuration and Operation of Microfluidic Reactor Apparatus. The microfluidic reactor apparatus was maintained and operated as previously described. 20 Radiofluorination Reactions. In a Microfluidic Apparatus. Dry 
In a TracerLab FX FN Module. The aqueous [ 18 F]Bu 4 NF reagent was dried within the apparatus by two cycles of addition and evaporation of acetonitrile (2.0 mL) under a nitrogen stream and reduced pressure, first at 65°C, and then at 88°C. To the dried [ 18 F]fluoride ion complex was added a solution of the (diacetoxyiodo)arene in anhydrous DMF (5 mM; 1.0 mL). The reaction mixture was heated to 170°C for 5 min, and then transferred into water (10 mL) at rt. The mixture was then analyzed by HPLC, as described above.
■ ASSOCIATED CONTENT
* S Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.joc.5b02332. 1 H, 13 C, and 19 F NMR spectra of (diacetoxyiodo)arenes, selected radio-chromatograms, and Cartesian coordinates of the geometry optimized structures in Figure 4 
